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PROGRESS REPORT NO. 8 
BEAR I NG LUBRICANT ENDURANCE CHARACTERISTICS 

AT H I G H  SPEEDS AND H I G H  TEMPERATURES 

INTRODUCTION 

T h i s  i s  t h e  e i g h t h  q u a r t e r l y  P r o g r e s s  R e p o r t  o f  r e s e a r c h  
p e r f o r m e d  u n d e r  C o n t r a c t  NASw-492, "A S t u d y  o f  B e a r i n g  L u b r i c a n t  
E n d u r a n c e  C h a r a c t e r i s t i c s  a t  H i g h  S p e e d s  a n d  H i g h  T e m p e r a t u r e s " .  

I n  Phase  I o f  t h e  p r o g r a m  t h e  l i m i t i n g  l o a d ,  s p e e d ,  a n d  
t e m p e r a t u r e  c h a r a c t e r i s t i c s  o f  h i g h - t e m p e r a t u r e  t o o l - s t e e l  b e a r i n g s  
l u b r i c a t e d  w i t h  t h e  m o s t  a d v a n c e d  p r e s e n t  d a y  h i g h - t e m p e r a t u r e  
l u b r i c a t i n g  f l u i d s  i n  a n i t r o g e n - b l a n k e t e d  sys tem a r e  b e i n g  e v a l u a t e d  
i n  t h e  3LX E? I n d u s t r i e s '  h i g h - s p e e d  h i g h - t e m p e r a t u r e  b e a r i n g  t e s t  
m a c h i n e .  P h a s e  I1 o f  t h e  p r o g r a m  w h i c h  w i l l  commence s h o r t l y  i s  t o  
b e  c o n d u c t e d  w i t h  m u l t i p l e  b e a r i n g  g r o u p s  a t  t h e  s e l e c t e d  t e s t  c o n d i -  
t i o n s  t o  e s t a b l i s h  t h e  d e s i g n  l i f e  a n d  r e l i a b i l i t y  p a r a m e t e r s  f o r  
b e a r i n g - l u b r i c a n t  s y s t e m s  a t  h i g h  s p e e d s  a n d  t e m p e r a t u r e s .  

h 1 

3533" J 
SUMMARY 

F o u r  h i g h - t e m p e r a t u r e  l u b r i c a n t s ,  v i z . ;  two  h y d r o c a r b o n s ,  
S o c o n y  X R M  1 0 9 F  a n d  Kendex B r i g h t  S t o c k  0 8 4 6 ;  a n  e s t e r  base  o i l ,  
Esso T u r b o  35 a n d  a m o d i f i e d  f i v e - r i n g  p o l y p h e n y l  e t h e r ,  PWA 524 
were u s e d  t o  l u b r i c a t e  t w e n t y  c o n s u m a b l e  e l e c t r o d e  vacuum m e l t e d  
(CVM) W,B4e t o o l  s t e e l  7205 a n g u l a r  c o n t a c t  b a l l  b e a r i n g s  a t  s p e e d s  
u p  t o  40,000 Fpm, 365 l b s .  t h r u s t  l o a d  a n d  mean t e m p e r a t u r e s  up  t o  
642OF. S e v e r a l  c a g e  d e s i g n s  m a n u f a c t u r e d  f r o m  two  o f  t h e  m o s t  wear 
r e s i s t a n t  m a t e r i a l s ,  M - 1  (Rc 5 5 )  s t e e l  a n d  S-Monel (Rc 331, were 
u t i l i z e d  i n  b e a r i n g s  t e s t e d  d u r i n g  t h i s  r e p o r t  p e r i o d  t o  a i d  i n  
o p t i m i z i n g  t h e  c a g e s  w h i c h  w i l l  be  u s e d  i n  P h a s e  I1 e n d u r a n c e  t e s t a .  

A m a t e r i a l s  s c r e e n i n g  p r o g r a m  c l o s e l y  r e l a t e d  t o  t h e  h i g h  
s p e e d  h i g h - t e m p e r a t u r e  b e a r i n g  p r o g r a m  h a s  c o n t i n u e d  i n  w h i c h  p o t e n t i a l  
c a g e  m a t e r i a l s  a r e  b e i n g  e v a l u a t e d  f o r  wear r e s i s t a n c e  when l u b r i c a t e d  
w i t h  c a n d i d a t e  h i g h - t e m p e r a t u r e  o i l s  i n  a m o d i f i e d  f l a t - w a s h e r  t e s t e r .  
A c o r r o s i o n  r e s i s t a n t  s t a i n l e s s  s t e e l  h a r d e n e d  t o  R c  52 o r  Rc 57 h a s  
b e e n  t e s t e d  w i t h  E s i o  FN-3157 a t  500°F a n d  Wonsanto .OS-124 a t  700°F 
a s  t h e  l u b r i c a n t s .  Two o f  t he  b e s t  w e a r  r e s i s t a n t  m a t e r i a l s  t o  d a t e ,  
M-1 (Rc 60)  s t e e l  a n d  S-Monel (Rc 331,  were a l s o  t e s t e d  a t  7 0 0 ° F  
u s i n g  a n e w  e x p e r i m e n t a l  f l u i d ,  DuPont  MLO 64-9.  

A r e v i e w  o f  t h e  p r o g r e s s  of t h e  e n t i r e  r e s e a r c h  p r o g r a m  was 
made  a t  a m e e t i n g  w i t h  t h e  s p o n s o r  a n d  t h e  r e m a i n d e r  o f  t h e  p r o g r a m  
was  r e d i r e c t e d .  

-1- 
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AL64T055 

CONCLUSIONS 

1. CVM M - 1  s t e e l  b a l l s  i m p r o v e d  t h e  p e r f o r m a n c e  o f  CVM WB49 
s t e e l  b e a r i n g s  l u b r i c a t e d  w i t h  S o c o n y  XRM 1 0 9 F  c o m p a r e d  t o  t h e  same 
b e a r i n g s  r u n  w i t h  CVM WB49 s t e e l  b a l l s ,  by  r e d u c i n g  t h e  n u m b e r  o f  
b a l l  f l a k i n g s .  

2.  I n c r e a s i n g  t h e  t e s t  s p e e d  f r o m  20,000 rpm t o  4 0 , 0 0 0  rpm 
i n c r e a s e s  t h e  t e m p e r a t u r e  c a p a b i l i t i e s  o f  t h e  b e a r i n g s  a n d  l u b r i -  
c a n t s ,  b u t  n o t  t o  t h e  e x t e n t  e x p e c t e d  on t h e  b a s i s  o f  t h e  t h e o r e t i c a l  
i n c r e a s e  i n  l u b r i c a n t  f i l m  t h i c k n e s s  i n  t h e  b e a r i n g s  i n d i c a t i n g  t h a t  
t h i c k e r  f i l m s  a r e  r e q u i r e d  f o r  o p e r a t i o n  w i t h o u t  s u r f a c e  d i s t r e s s  a t  
h i g h e r  s p e e d .  

3. B a s e d  on t e s t  r e s u l t s  t o  d a t e ,  S o c o n y  X R M  1 0 9 F  a n d  E s s o  
T u r b o  35 a r e  s e l e c t e d  a s  t h e  h y d r o c a r b o n  a n d  e s t e r - b a s e  o i l  c a n d i d a t e s ,  
r e s p e c t i v e l y  f o r  P h a s e  I1 e n d u r a n c e  t e s t s .  T h e i r  r e s p e c t i v e  l i m i t i n g  
t e m p e r a t u r e s  i n  t h e  p r e s e n t  t e s t  r i g s  a t  3 5 , 0 0 0 - 4 0 , 0 0 0  rpm a n d  365 l b s .  
l o a d  a r e  600°F a n d  500'F. A m o d i f i e d  p o l y p h e n y l  e t h e r  t e s t e d  a t  t h e  
s ame  s p e e d  a n d  l o a d ,  PWA 524*,  e x h i b i t e d  a l i m i t i n g  t e m p e r a t u r e  o f  5 0 0 ° F  
s i m i l a r  t o  t h e  u n m o d i f i e d  o i l ,  Monsan to  OS-124. PWA 5 2 4  o i l  i s  s e l e c t e d  
f o r  P h a s e  I1 t e s t i n g  s i n c e  i t  a p p e a r s  t o  h a v e  a n  i m p r o v e d  r e s i s t a n c e  t o  
s l u d g i n g  s i m i l a r  t o  t h e  l e s s  c o n v e n i e n t  m e t a l l i c - c o p p e r  i n h i b i t e d  OS-124. 

4 .  M - 1  (Rc 6 0 )  s t e e l  a n d  S-Monel (Rc 3 3 )  a r e  t h e  c h o i c e  c a g e  
m a t e r i a l s  b a s e d  on t h e  w e a r  r e s i s t a n c e  r e s u l t s  o b t a i n e d  f r o m  t e s t s  i n  
t h e  h i g h - s p e e d  h i g h - t e m p e r a t u r e  b e a r i n g  t e s t  m a c h i n e  a n d  i n  t h e  r o d i f i e d  
f l a t - w a s h e r  t e s t e r .  C o r r o s i o n  r e s i s t a n t  s t a i n l e s s  s t e e l ,  4 4 0  CM, d i d  
n o t  w e a r  a s  w e l l  a s  e i t h e r  o f  t h e s e  two m a t e r i a l s .  

5 .  DuPon t  MLO 64-9  f l u i d  p r o d u c e d  l e s s  w e a r  t h a n  M o n s a n t o  OS-124 
( t h e  o n l y  l u b r i c a n t  p r e v i o u s l y  f o u n d  c a p a b l e  o f  7 0 0 ° F  o p e r a t i o n  i n  c a g e  
t e s t s )  on a n  M - 1  (Rc 6 0 )  s t e e l  c a g e  s p e c i m e n  i n  m o d i f i e d  f l a t - w a s h e r  
t e s t s  c o n d u c t e d  a t  700°F,  w h e r e a s  S-Monel (Rc 3 3 )  c a g e s  w o r e  n i n e  t imes 
f a s t e r  i n  MLO 64-9 t h a n  i n  OS-124 a t  700OF. ( T h e  c o m b i n a t i o n  o f  S-Monel 
(Rc  33) a n d  OS-124 i s  t h e  m o s t  wea r  r e s i s t a n t  t o  d a t e  a t  700OF.I O n  
t h i s  b a s i s  i t  a p p e a r s  p o s s i b l e  and  p r o m i s i n g  t o  r u n  f u l l - s c a l e  b e a r i n g  
t e s t s  u s i n g  t o o l  s t e e l  b e a r i n g s  and  c a g e s  w i t h  t h e  DuPont  MLO 64-9  l u b -  
r i c a n t ,  w h i c h  s h o u l d  p e r f o r m  s u c c e s s f u l l y  a t  v e r y  h i g h  t e m p e r a t u r e s  b a s e d  
on t h e  v i s c o s i t y .  

* T h i s  f l u i d  was made a v a i l a b l e  by c o u r t e s y  o f  P r a t t  a n d  W h i t n e y  A i r c r a f t  
D i v i s i o n  o f  U n i t e d  A i r c r a f t  C o r p o r a t i o n ,  E a s t  H a r t f o r d ,  C o n n e c t i c u t .  
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DETAILS 

1, R e d i r e c t i o n  o f  R e m a i n i n s  E f f o r t  

I n  a m e e t i n g  h e l d  o n  t h e  1 2 t h  o f  A u g u s t ,  r e p r e s e n t a t i v e s  o f  
t h e  s p o n s o r  a n d  o f a E F  I n d u s t r i e s '  a g r e e d  on a r e d i r e c t i o n  o f  t h e  
r e m a i n d e r  o f  t h i s  p r o g r a m .  T h e  d e t a i l s  o f  t h i s  a g r e e m e n t ,  c o n s t i t u -  
t i n g  t h e  p l a n  f o r  f u t u r e  w o r k , a r e  g i v e n  i n  t h e  l e t t e r  r e p r o d u c e d  i n  
t h e  A p p e n d i x .  

2 .  C o n t i n u e d  P h a s e  I T e s t i n g  w i t h  P o l y p h e n y l  E t h e r ,  
H v d r o c a r b o n  a n d  E s t e r  B a s e  L u b r i c a n t s  

T e s t s  d u r i n g  t h i s  r e p o r t  p e r i o d  were c o n d u c t e d  on  b e a r i n g s  
c o n s i s t i n g  o f  c o n s u m a b l e  e l e c t r o d e  vacuum m e l t e d  (CVM) WB49 s t e e l  
r i n g s  a s s e m b l e d  w i t h  i n n e r  r i n g  r i d i n g  c a g e s  m a n u f a c t u r e d  from e i t h e r  
a g e  h a r d e n e d  (Rc 33) S - l o n e 1  ( E n c l o s u r e s  1 a n d  2) o r  h a r d e n e d  (Rc 55)  
Y-1  s t e e l  ( E n c l o s u r e  3) a n d  CVM M - 1  s t e e l  b a l l s  a t  s p e e d s  up  t o  40,000 
rpm, t e m p e r a t u r e s  up  t o  642OF a n d  u n d e r  365 l b s .  t h r u s t  l o a d .  (APBMA 
c o m p u t e d  Ll0 l i f e  = 480 x lo6 r e v s .  o r  200 h o u r s  a t  40,000 r p m )  

Summaries o f  t e s t  r e s u l t s  a n d  b e a r i n g  d i m e n s i o n s  b e f o r e  
t e s t i n g  a r e  g i v e n  i n  E n c l o s u r e s  4 a n d  5, r e s p e c t i v e l y .  T h e  l ub r i c s ih t s  
u s e d  i n  t h e  t e s t s  r e p o r t e d  here in  were; two  m i n e r a l  o i l s ,  S o c o n y  XRM 
1 0 9 F  a n d  Kendex B r i g h t  S t o c k  0846, a h i g h  v i s c o s i t y  e s t e r  b a s e  o i l ,  
E s s o  T u r b o  35, a n d  a m o d i f i e d  f i v e  r i n g  p o l y p h e n y l  e t h e r ,  PWA 524, 
T h e  t e m p e r a t u r e - v i s c o s i t y  c h a r a c t e r i s t i c s  o f  t h e s e  a n d  o t h e r  c a n d i d a t e  
l u b r i c a n t s  p r e v i o u s l y  c o n s i d e r e d  a r e  shown i n  E n c l o s u r e  6. 

I n  k e e p i n g  w i t h  t h e  f i n d i n g s  r e p o r t e d  i n  (11, t h e  b e a r i n g  
t e m p e r a t u r e s i n  a l l  t h e  t e s t s  ( e x c e p t  r u n  847) were m a i n t a i n e d  low 
e n o u g h  t o  p r o v i d e  a l u b r i c a n t  v i s c o s i t y  of 1.0 c s . ,  t h e  v i s c o s i t y  
b e l o w  w h i c h  s u r f a c e  d i s t r e s s  d u e  t o  m a r g i n a l  l u b r i c a t i o n  was  f o u n d  
t o  a r i s e  a t  20,000 rpm. Whenever  a v a i l a b l e ,  t h e  t e s t  b e a r i n g s  h a d  
a n  unmoun ted  r a d i a l  l o o s e n e s s  o f  40-50 m i c r o n s  w h i c h  was f o u n d  i n  (2) 
t o  b e  t h e  m o s t  d e s i r a h l e .  The  a v e r a g e  r a d i a l  c a g e  p l a y  o f  a l l  b e a r i n g s  
t e s t e d  was b e t w e e n  . 0 0 2 0 "  t o  .0031". 
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Te s t  Re su 1 t s 

I t  i s  r e c a l l e d  t h a t  e a r l i e r  t e s t s  ( r u n s  z39 a n d  a 4 0  r e p o r t e d  
i n  ( 3 ) )  c o n d u c t e d  w i t h  S o c o n y  Mobi l  X R M  1 0 9 F  r e s u l t e d  i n  f a t i g u e  
f a i l u r e s  a n d  s u r f a c e  d i s t r e s s e d  b e a r i n g s  p r e s u m a b l y  r e l a t e d  t o  t h e  
p o o r  e n d u r a n c e  c h a r a c t e r i s t i c s  of t h e  WB49 b a l l s  w h i c h  had  € l a k e d  
i n  these t e s t s .  A r e p e a t  t e s t  ( r u n  8 4 2 )  was c o n d u c t e d  i n  w h i c h  CVM 
M - 1  s t e e l  b a l l s  zud S-Monel c a g e s  ( E n c l o s u r e  1)  were a s s e m b l e d  w i t h  
ti649 r i n g s .  CVM M - 1  s t e e l  b a l l s  h a v e  shown g o o d  e n d u r a n c e  l i f e  i n  
many t e s t s  a n d  were e x p e c t e d  t o  g i v e  a t r u e r  i n d i c a t i o n  o f  l u b r i c a n t  
p e r f o r m a n c e .  A f t e r  90 h o u r s  (108 x 106 r e v s . )  a t  2 0 , 0 0 0  rpm a n d  mean 
temperatures  u p  t o  532OF ( e x t r a p o l a t e d  o i l  v i s c o s i t y  = 2 . 8 5  c s . )  b o t h  
b e a r i n g s  were removed  and  f o u n d  t o  be i n  g o o d  c o n d i t i o n .  No b a l l  
f l a k i n g  h a d  o c c u r r e d .  Some f r a g m e n t  d e n t i n g  was  n o t e d  t o  h a v e  o c c u r r e d  
on t h e  l o a d  e n d  b e a r i n g  i n n e r  r a c e .  The b o r e  wear o f  b o t h  c a g e s  w a s  
l e s s  t h a n  1.1 m i l s ,  w h i c h  i s  c o n s i d e r e d  v e r y  s l i g h t  ( E n c l o s u r e  7 a n d  8 ) .  

A n  e s t e r - b a s e  o i l ,  E s s o  T u r b o  35, w i t h  h i g h e r  v i s c o s i t y  t h a n  
t h e  Mi l -L-7808  e s t e r s  was u s e d  t o  l u b r i c a t e  b e a r i n g s  w i t h  WB49 r i n g s  
a s s e n b l e d  w i t h  S-Monel cages  ( E n c l o s u r e  1 )  a n d  C V I  M - 1  b a l l s  i n  t e s t  
r u n  8 4 3  a t  mean t e m p e r a t u r e s  u p  t o  504OF ( o i l  v i s c o s i t y  = 1 . 3 4  c s . )  
e n d  20 ,000  rpm. After 2 5 . 9  h o u r s  (31.1 x 106 r e v s . )  t he  t e s t  was 
t e r m i n a t e d .  The l o a d  e n d  b e a r i n g  was s l i g h t l y  g l a z e d  a n d  f r a g m e n t  
d e n t e d  w h i l e  t h e  d r i v e  e n d  b e a r i n g  was  i n  g o o d  c o n d i t i o n .  S e v e n  o f  
t w e l v e  b a l l s  i n  the  former b e a r i n g  were a l s o  f r a g m e n t  d e n t e d .  The 
c a g e  b o r e  wear i n  b o t h  b e a r i n g s  was a g a i n  v e r y  s l i g h t  ( l e s s  t h a n  0.2 
m i l s )  ( E n c l o s u r e  9 a n d  10).  

I n  the  f i r s t  a t t e m p t  t o  r u n  a t  s p e e d s  g r e a t e r  t h a n  20,000 rpm,  
t h e  r e l a t i v e l y  v i s c o u s  h y d r o c a r b o n  Kendex B r i g h t  S t o c k  0 8 4 6 ,  was  
s e l e c t e d  a s  the l u b r i c a n t .  T e s t  r u n  a 4 4  w a s  c o n d u c t e d  a t  4 0 , 0 0 0  rpm 
a n d  mean t e m p e r a t u r e s  u p  t o  604OF ( e x t r a p o l a t e d  o i l  v i s c o s i t y  = 1.39 c s ) .  
A f t e r  7.5 h o u r s  (18.0 x 106 r e v s . )  t h e  t e s t  was  s t o p p e d .  The l o a d  e n d  
b e a r i n g  h a d  g l a z e d  a n d  s m e a r e d .  Two o f  t h e  c a g e  p o c k e t s  w i t h i n  t h i s  
b e a r i n g  were b r o k e n  atid t h e  b o r e  wear o f  the  S-Monel c a g e  ( E n c l o s u r e  1) 
w a s  5 .2  mils. E i g h t  b a l l s  were g l a z e d  a n d  smeared r e d u c i n g  t h e i r  
d i a m e t e r s  c o n s i d e r a b l y  ( E n c l o s u r e  11). I n  t h e  d r i v e  e n d  b e a r i n g ,  t h e  
r i n g s  were i n  g o o d  c o n d i t i o n ,  b u t  t w o  o f  i t s  b a l l s  had  f l a k e d .  I t s  
c a g e  b o r e  wear was 0.1 mils ( E n c l o s u r e  1 2 ) .  
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D i f f i c u l t i e s  e n c o u n t e r e d  i n  p a s s i n g  t h r o u g h  c r i t i c a l  s h a f t  
s p e e d s  w i t h  t h e  h i g h - s p e e d  g e a r  box u s e d  i n  these  t e s t s  n e c e s s i t a t e d  
l i m i t i n g  t h e  s p e e d  i n  t e s t  r u n  8 4 5  t o  2 0 , 0 0 0  r p m .  Kendex B r i g h t  S t o c k  
0846 was u s e d  t o  l u b r i c a t e  t h e  b e a r i n g s  (kB49 r i n g s ,  M - 1  b a l l s )  w h i c h  
were a s s e m b l e d  w i t h  S-Monel c a g e s  ( E n c l o s u r e  1)  a t  mean t e m p e r a t u r e s  
u p  t o  603OF ( e x t r a p o l a t e d  o i l  v i s c o s i t y  = 1 . 4 0  c s ) .  The t e s t  was 
t e r t a i n a t e d  a f t e r  93.5 h o u r s  (108 x lo6 r e v s . ) .  Both  b e a r i n g s  were i n  
s l i g h t l y  g l a z e d  c o n d i t i o n  w i t h  f o u r  of t h e  b a l l s  o f  t h e  l o a d  e n d  
b e a r i n g  either f l a k e d  o r  f r a g m e n t  d e n t e d .  T h e  c a g e  b o r e  w e a r  i n  b o t h  
b e a r i n g s  was m i n i m a l  (0.0 a n d  0.3 mi l s ) .  ( E n c l o s u r e s  13 a n d  1 4 . )  

B l a c k  o x i d e  c o a t e d  WB49 i n n e r  a n d  o u t e r  r a c e s  a s s e m b l e d  w i t h  
S-Monel c a g e s  ( E n c l o s u r e  1) a n d  CVM bl-1 s t e e l  t a l l s  were r u n  w i t h  
S o c o n y  X R Y  1 0 9 F  a s  t h e  l u b r i c a n t  i n  t e s t  r u n  #46 .  C o m p l e t i o n  of a n  
i m p r o v e d  c o u p l i n g  d e s i g n  a n d  o f  m o d i f i c a t i o n s  t o  t h e  g e a r  b o x  e n a b l e d  
t h e  b e a r i n g s  t o  be t e s t e d  a t  35,000 rpm and mean t e m p e r a t u r e s  u p  t o  
609OF ( e x t r a p o l a t e d  o i l  v i s c o s i t y  = 2 . 1 5  c s ) .  After r u n n i n g  f o r  15.6 
h o u r s ,  t h e  t e s t e r  was s h u t  down b!: e x c e s s i v e  v i b r a t i o n .  T h e  b e a r i n g s  
r p p e a r e d  t o  be i n  g o o d  c o n d i t i o n  e x c e p t  t h a t  some w e a r  had  o c c u r r e d  
on t h e  c a g e  b o r e s  (0.3 a n d  0.6 mils on t h e  l o a d  e n d  b e a r i n g  a n d  d r i v e  
e n d  b e a r i n g ,  r e s p e c t i v e l y ) .  S i n c e  t h i s  was a h i g h - s p e e d  t e s t ,  n e w  
c a g e s  were i n s t a l l e d  i n  t h e  t e s t  b e a r i n g s a t  t h a t  time f o r  c o n t i n u e d  
r u n n i n g .  The t e s t  l a s t e d  a t o t a l  of 28 .5  h o u r s  ( 5 2 . 3  x l o6  r e v s . ) .  
E x a m i n a t i o n  of  t h e  b e a r i n g s  i n d i c a t e d  t h a t  t h e  d r i v e  e n d  b e a r i n g  was  
s l i g h t l y  g l a z e d  w h i l e  the l o a d  e n d  b e a r i n g  had g l a z e d  a n d  f l a k e d  near 
t h e  g r o o v e  e d g e  o f  b o t h  r a c e s  a n d  i t s  b a l l s  were e i t h e r  f l a k e d  o r  
f r a g m e n t  d e n t e d .  I t  was n o t e d  d u r i n g  d i s a s s e m b l y  o f  t h e  t e s t  m a c h i n e  
t h a t  the f i l t e r  s c r e e n s  i n  e a c h  o i l  sump w e r e  n o t  f u l l y  secured amd 
p r o v i d e d  a n  o p e n i n g  t h r o u g h  w h i c h  w e a r  d e b r i s  c o u l d  e n t e r  t h e  o i l  stream 
t o  t h e  b e a r i n g .  T h i s  no d o u b t  had a s e v e r e  e f f e c t  on t h e  f i n a l  s u r f a c e  
a p p e a r a n c e  o f  t h e  b e a r i n g s .  T h e  c a g e  b o r e  wear i n  t h e  s e c o n d  s e t  o f  
c a g e s  was 0.3 a n d  1.0 mils f o r  t he  d r i v e  a n d  l o a d  e n d  b e a r i n g s ,  
r e s p e c t i v e l y  ( E n c l o s u r e  15 and 1 6 ) .  

A m o d i f i e d  f i v e - r i n g  p o l y p h e n y l  e t h e r ,  PWA 5 2 4 ,  d e s i g n e d  t o  
have i m p r o v e d  r e s i s t a n c e  t o  s l u d g i n g ,  w h i c h  h a s  v i s c o s i t y  c h a r a c t e r i s t i c s  
r i r n i l a r  t o  t h e  M o n s a n t o  OS-124 f i v e - r i n g  p o l y p h e n y l  e the r  p r e v i o u s l y  
t e s t e d  was u s e d  i n  t e s t  r u n  *47. T h e  b e a r i n g s  were a s s e m b l e d  w i t h  
b o r e  r e c e s s e d  S-Monel c a g e s  ( E n c l o s u r e  2 )  a n d  r u n  a t  35,000 rpm a n d  
mean t e m p e r a t u r e s  u p  t o  640°F ( o i l  v i s c o s i t y  = 0.76 c s ) .  The l o a d  
e n d  b e a r i n g  g l a z e d  a n d  f l a k e d  n e a r  t h e  g r o o v e  edge of  b o t h  r a c e s  w i t h i n  
2.4 h o u r s  (5.0 x 106 r e v s . ) .  A l l  i t s  b a l l s  h a d  a l s o  f l a k e d  a n d  f o u r  of , 
i t s  c a g e  p o c k e t s  had  c r a c k e d .  The d r i v e  e n d  b e a r i n g  w a s  s l i g h t l y  g l a z e d  
r n d  f r a g m e n t  d e n t e d .  The c a g e  b o r e  wear o f  t h e  l o a d  e n d  b e a r i n g  w a r  
0.8 m i l s , t h a t  o f  t h e  d r i v e  e n d  b e a r i n g  was 0.1 m i l s ,  r e s p e c t i v e l y .  
( E n c l o s u r e s  17 a n d  18.) A b l a c k  c a r b o n  res idue was  f o u n d  on t h e  sump 
f i l t e r  s c r e e n s  w h i c h  was  s i m i l a r  t o  t h a t  f o u n d  a f t e r  t e s t s  w i t h  c o p p e r  
i n h i b i t e d  M o n s a n t o  OS-124. 
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I n  t h e  r e m a i n i n g  t e s t s  r e p o r t e d  h e r e i n ,  v i z .  r u n s  +48,  4 9 ,  
50 a n d  51 h a r d e n e d  (Rc 55) M-1 s t e e l  c a g e s  ( E n c l o s u r e  3 )  w i t h  b o r e  
r e c e s s e s  were a s s e m b l e d  i n  t h e  t e s t  b e a r i n g s .  

A r e p e a t  t e s t  was  c o n d u c t e d  w i t h  PWA 5 2 4  p o l y p h e n y l  &er  i n  
r u n  S 4 8  a t  a h i g h e r  s p e e d ,  4 0 , 0 0 0  rpm, a n d  l o w e r  mean t e m p e r a t u r e ,  
535OF max. ( o i l  v i s c o s i t y  = 1.07 c s . ) .  W i t h i n  2 .1  h o u r s  (3.5 x lo6 
r e v s . ) ,  t h e  t e s t  was t e r m i n a t e d  a n d  b o t h  b e a r i n g s  were f o u n d  t o  b e  
g l a z e d  a n d  f l a k e d .  T h e i r  b a l l s  w e r e  f r a g m e n t  d e n t e d  a n d  t h e i r  c a g e  
b o r e s  h a d  worn  3 . 2  a n d  2 . 0  m i l s  i n  t h e  d r i v e  e n d  b e a r i n g  a n d  t h e  l o a d  
e n d  b e a r i n g ,  r e s p e c t i v e l y , .  ( E n c l o s u r e  19 a n d  2 0 ) .  

In a n  e f f o r t  t o  e x t e n d  t h e  t e m p e r a t u r e  c a p a b i l i t i e s  o f  S o c o n y  
X R M  109F ,  t e s t  r u n  P49  was c o n d u c t e d  a t  4 0 , 0 0 0  rpm ( p r e v i o u s  t e s t s  
w i t h  S o c o n y  X R M  1 0 9 F  were r u n  a t  s p e e d s  n o  h i g h e r  t h a n  35,000 rpm) .  
Mean b e a r i n g  t e m p e r a t u r e w e r e  up  t o  642OF ( e x t r a p o l a t e d  o i l  v i s c o s i t y  = 
1.95 C S ) .  A s  shown i n  E n c l o s u r e s  2 1  a n d  2 2 ,  t h e  l o a d  e n d  b e a r i n g  was 
s u p e r f i c i a l l y  p i t t e d  a n d  t h e  d r i v e  e n d  b e a r i n g  was s l i g h t l y  g l a z e d  when 
t h e  t e s t  s t o p p e d  a f t e r  12 .3  h o u r s  ( 2 1 . 6  x 1 0 6  r e v s . ) .  Two s e t s  o f  cages 
were used d u r i n g  t h e  t e s t  when i t  was  d i s c o v e r e d  a f t e r  &4 h o u r s  t h a t  21.8 
m i l s  b o r e  wear was t a k i n g  p l a c e  a t  l e a s t  o n  t h e  l o a d  e n d  b e a r i n g .  

In t e s t  r u n  S50, t h e  b e a r i n g s  were l u b r i c a t e d  w i t h  Kendex 
B r i g h t  S t o c k  0 8 4 6  a n d  r u n  a t  4 0 , 0 0 0  rpm and  mean t e m p e r a t u r e s  up t o  
606OF ( e x t r a p o l a t e d  o i l  v i s c o s i t y  = 1.38 c s ) .  T h e  b e a r i n g s  were 
removed  a f t e r  7 .0  h o u r s  (10.9 x 1 0 6  r e v s . ) .  T h e  d r i v e  e n d  b e a r i n g  
h a d  g l a z e d  a n d  a l l  i t s  b a l l s , h a d  f l a k e d  a n d  s m e a r e d .  T h e  c a g e  b o r e  
w e a r  was 6 .4  m i l s .  ( E n c l o s u r e  2 3 ) .  T h e  l o a d  e n d  b e a r i n g  r i n g s  were 
i n  g o o d  c o n d i t i o n ,  b u t  i t s  b a l l s  were f r a g m e n t  d e n t e d .  A c a g e  b o r e  
w e a r  of 1.0 mi l s  h a d  t a k e n  p l a c e .  ( E n c l o s u r e  2 4 ) .  

E s s o  T u r b o  35 o i l  was u s e d  i n  r u n  +51 a n d  t h e  b e a r i n g s  were 
t e s t e d  a t  40,000 rpm a n d  mean t e m p e r a t u r e s  up t o  568OF ( e x t r a p o l a t e d  
o i l  v i s c o s i t y  = 1.1 c s ) .  E x a m i n a t i o n  o f  t h e  b e a r i n g s  a f t e r  17.0 h r s .  
( 4 0 . 8  x 106 r e v s . )  r e v e a l e d  t h a t  t h e  l o a d  e n d  b e a r i n g  h a d  g l a z e d  a n d  
f l a k e d  a n d  t h e  d r i v e  e n d  b e a r i n g  was i n  g o o d  c o n d i t i o n .  T h e  c a g e  b o r e  
w e a r  was 4.0 a n d  0 . 5  mil s .  i n  t h e  l o a d  e n d  b e a r i n g  a n d  t h e  d r i v e  e n d  
b e a r i n g ,  r e s p e c t i v e l y .  ( E n c l o s u r e s  2 5  a n d  2 6 ) .  
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D i s c u s s i o n  of Bearinu Test Resul ts  

CVY M o l  s t ee l  b a l l s  u s e d  i n  CVM WB49 s t ee l  b e a r i n g s  have  shown 
by t h e  r e s u l t s  o b t a i n e d  i n  t e s t  r u n  #42 t o  i m p r o v e  t h e  p e r f o r m a n c e  of 
these b e a r i n g s  w i t h  S o c o n y  XBY 109F l u b r i c a n t  o v e r  t h a t  o b t a i n e d  when 
WB49 s t e e l  b a l l s  were u s e d  ( r u n s  #39 a n d  # 4 0  i n  ( 3 ) ) .  Some i m p r o v e m e n t  
i n  t h e  t e m p e r a t u r e  c a p a b i l i t i e s  of S o c o n y  XRM 1 0 9 F  h a s  b e e n  o b r e r v e d  by 
i n c r e a s i n g  t h e  t e s t  s p e e d  f r o m  2 0 , 0 0 0  rpm ( r u n  8 4 2 )  t o  a b o v e  35,000 rpm 
( r u n s  #46 a n d  # 4 9 ) .  The l i m i t i n g  t e m p e r a t u r e  o f  t h i s  l u b r i c a n t  f o r  
g l a z i n g - f r e e  o p e r a t i o n  a t  p r e s e n t  a p p e a r s  t o  be a p p r o x i m a t e l y  600°F 
a t  4 0 , 0 0 0  rpm; w h e r e a s ,  i n  e a r l i e r  t e s t s  the l i m i t i n g  t e m p e r a t u r e  was 
540°F a t  2 0 , 0 0 0  rpm. T h e  o t h e r  l e a d i n g  h y d r o c a r b o n  o i l  c a n d i d a t e ,  
Kendex B r i g h t  S t o c k  0846 a l s o  s h w  some s i g n s  of i m p r o v i n g  i t s  t e m p e r a t u r e  
c a p a b i l i t i e s  b y  i n c r e a s i n g  t h e  t e s t  s p e e d  up  t o  4 0 , 0 0 0  rpm a s  e v i d e n c e d  
by  c o m p a r i n g  t h e  r e su l t s  o b t a i n e d  f r o m  r u n s  1141 i n  ( 3 )  a n d  845 w i t h  
t h o s e  p r o d u c e d  i n  r u n s  #44 a n d  850. Based  on these r e s u l t s  t h i s  
l u b r i c a n t ' s  l i m i t i n g  t e m p e r a t u r e  i s  a p p r o x i m a t e l y  580OF a t  4 0 , 0 0 0  rpm,  
c o m p a r e d  t o  540°F a t  2 0 , 0 0 0  rpm. N e i t h e r  l u b r i c a n t  o p e r a t e d  a t  a s  
h i g h  t e m p e r a t u r e  a t  40,000 rpm a s  e x p e c t e d  on t h e  b a s i s  o f  t h e  i n c r e a 8 e d  
e l a s t o h y d r o d y n a m i c  f i l m  t h i c k n e s s  d u e  t o  t h e  increase  i n  s p e e d .  (For 8 
2 : l  s p e e d  i n c r e a s e ,  t h e  b e a r i n g  s h o u l d  o p e r a t e  a t  t h e  same f i l m  c o n d i t i o n  
w i t h  h a l f  t h e  v i s c o s i t y ,  o r  above  700°F i n s t e a d  of  540OF w i t h  e i t he r  
S o c o n y  XRM 1 0 9 F  o r  Kendex  B r i g h t  S t o c k  0 8 4 6 . )  T h e s e  r e s u l t s  i n d i c a t e  
t h a t  a g r e a t e r  f i l m  t h i c k n e s s  is r e q u i r e d  f o r  g l a z i n g - f r e e  o p e r a t i o n  
a t  h i g h e r  s p e e d ,  p r e s u m a b l y  d u e  t o  t h e  h i g h e r  r a t e  of  h e a t  g e n e r a t i o n  
a t  a s p e r i t y  c o n t a c t s .  

rpm d i d  n o t  r u n  f o r  a s  many r e v o l u t i o n s  a s  d i d  t h e  4 0 , 0 0 0  rpm r u n s  #46 
a n d  S49 i n  w h i c h  S o c o n y  X R M  109F w a s  t h e  l u b r i c a n t .  A l s o  t h e  S o c o n y  XRM 
1 0 9 F  o i l  i s  known t o  c o n t a i n  a d d i t i v e s  s p e c i a l l y  d e v e l o p e d  f o r  h i a h -  
t e m p e r a t u r e  u s e ,  w h e r e a s  t h e  Kendex B r i g h t  S t o c k  0846 d o e s  n o t ,  tL@roforo 
p r e s u m a b l y  h a s  be t te r  l i f e  e x p e c t a n c y  i n  a h i g h - t e m p e r a t u r e  r e c i r c u l a t i n g  
s y s t e m .  

R u n s  z 4 4  a n d  850 c o n d u c t e d  w i t h  Kendex B r i g h t  S t o c k  0846 a t  4 0 , 0 0 0  

F o r  these  r e a s o n s ,  Socony XRM l09P i s  se l ec t ed  a s  t h e  h y d r o -  
c a r b o n  o i l  c a n d i d a t e  f o r  m u l t i p l e  b e a r i n g  g r o u p  e n d u r a n c e  t e s t s  i n  
P h a s e  I1 of t h i s  p r o g r a m .  

I 
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I n  r e v i e w i n g  t h e  m o s t  p r o m i s i n g  e s t e r - b a s e  o i l  c a n d i d a t e s ,  
E s s o  T u r b o  35 a p p e a r s  t o  be  t h e  l o g i c a l  c h o i c e  f o r  P h a s e  I1 t e s t i n g ,  
s i n c e  i t s  l i m i t i n g  t e m p e r a t u r e  a s  f o u n d  f r o m  r u n s  8 4 3  a n d  851 i s  
a p p r o x i m a t e l y  500°F, ( a t  2 0 , 0 0 0  rpm) .  T h e  n e a r e s t  r i v a l  i s  S o c o n y  
R M - 1 3 9  w h i c h  p e r m i t s  b e a r i n g s  t o  o p e r a t e  a t  2 0 , 0 0 0  rpm w i t h o u t  s u r f a c e  
d i s t r e s s  a t  n o  h i g h e r  t h a n  4 5 0 ° F  ( r u n s  833 a n d  8 3 6  i n  ( 2 1 ,  a n d  37 a n d  
38 i n  (3 ) .  I t  i s  r e a s o n a b l e  t o  aswme t h a t  t h e  s u p e r i o r i t y  o f  E s s o  
T u r b o  35 w i l l  c a r r y  o v e r  i n t o  h i g h e r - s p e e d  t e s t s .  I t s  l i m i t i n g  t e m p e r a -  
t u r e s  a t  4 0 , 0 0 0  rpm h a s n o t  b e e n  p r e c i s e l y  e s t a b l i s h e d ,  b u t  i s  b e t w e e n  
500°F a n d  5 5 0 O F .  

As shown i n  r u n s  8 4 7  a n d  8 4 8 ,  t h e  m o d i f i e d  f i v e - r i n g  p o l y p h e n y l  
e t h e r ,  PWA 5 2 4  seemed  t o  e x h i b i t  t e m p e r a t u r e  c a p a b i l i t i e s  a n d  c o k i n g  
t e n d e n c i e s  s i m i l a r  t o  c o p p e r - i n h i b i t e d  Monsan to  OS-124, t e s t e d  p r e v i o u s l y  
(1 ) .  B o t h  l u b r i c a n t s  seem t o  h a v e  a l i m i t i n g  t e m p e r a t u r e  o f  a p p r o x i m a t e l y  
5 0 0 ° F  a t  4 0 , 0 0 0  rpm. S i n c e  p r e v i o u s  c a g e  c o m p a t i b i l i t y  t e s t s  s h o w e d  
some r e d u c t i o n  i n  t h e  c o k i n g  t e n d e n c i e s  o f  OS-124 w h e n  m e t a l l i c  c o p p e r  
was  u s e d  a s  a n  i n h i b i t o r  i n  t h e  s y s t e m  ( 1 , 5 ) +  a n d  t h e  p r e s e n t  b e a r i n g  
t e s t s  show s i m i l a r  c o k i n g  t e n d e n c i e s  f o r  t h e  PWA 5 2 4  a n d  t h e  c o p p e r -  
i n h i b i t e d  OS-124, t h e  more  c o n v e n i e n t  f o r m  o f  t h e  i n h i b i t o r  i n  PWA 524  
makes  t h i s  o i l  p r e f e r a b l e  f o r  P h a s e  I1 t e s t i n g .  

The  e v a l u a t i o n  o f  b l a c k  o x i d e  c o a t i n g  of  t h e  t e s t  b e a r i n g s  i n  
o n e  t e s t  ( r u n  $46) was i n c o n c l u s i v e  d u e  t o  i n a d v e r t e n t  c i r c u l a t i o n  o f  
w e a r  d e b r i s  i n  t h e  o i l  sys tem.  However ,  t h e  g e n e r a l  e x p e r i e n c e  i n  t h e  
3EF L a b o r a t o r y  o n  t h e  e f f e c t i v e n e s s  o f  t h i s  t r e a t m e n t  i n  r e d u c i n g  
l u b r i c a t i o n  d i s t r e s s  i n  b e a r i n g s  makes i t  d e s i r a b l e  t o  s p e c i f y  b l a c k  
o x i d e  t r e a t m e n t  f o r  t h e  r i n g s  o f  a l l  P h a s e  I1 t e s t  b e a r i n g s .  

I t  h a s  b e e n  o b s e r v e d  i n  t e s t s  c o n d u c t e d  a t  s p e e d s  g r e a t e r  t h a n  
35,000 rpm t h a t  o n l y  5 t o  10% o f  t h e  h e a t e r  c a p a c i t y  i n  t h e  t e s t e r  i s  
r e q u i r e d  t o  m a i n t a i n  t h e  t e s t  b e a r i n g s  a t  t h e  d e s i r e d  t e m p e r a t u r e  o f  
t h e  o r d e r  o f  60O0F. I n  o r d e r  t o  a v o i d  a r u n a w a y  t e m p e r a t u r e  c o n d i t i o n ,  
t e s t s  a r e  p l a n n e d  i n  w h i c h  t h e  i n t e r n a l  c l e a r a n c e  b e t w e e n  t h e  s c r e w  
pumps o n  t h e  t e s t  s h a f t  a n d  t h e  pump l i n e r  a s  w e l l  a s  r a d i a l  c a g e  
c l e a r a n c e  i n  t h e  b e a r i n g s  w i l l  be  i n c r e a s e d ,  S h o u l d  t h i s  remedy t h e  
s i t u a t i o n ,  t h e  t e s t  m a c h i n e s  a n d  b e a r i n g  c a g e s  w i l l  b e  m o d i f i e d  
a c c o r d i n g l y .  O t h e r w i s e  a n  e x t e r n a l  means o f  c o o l i n g  w i l l  b e  i n v e s t i g a t e d .  

* A l t h o u g h  n o t  s t a t e d  s p e c i f i c a l l y  i n  (1) a n d  (51 ,  n o  m e t a l l i c  c o p p e r  
i n h i b i t o r  was u s e d  f o r  t h e  7 0 0 ° F  t e s t  w i t h  M o n s a n t o  OS-124 i n  (51 ,  
w h i c h  showed  e x t e n s i v e  c o k i n g  a n d  c a g e  s p e c i m e n  w e a r ,  w h e r e a s  c o p p e r  
p l a t e s  i n  t h e  o i l  were u s e d  i n  a l l  s u b s e q u e n t  t e s t s  a t  700°F w i t h  OS-124 
t o  a c t  a s  an i n h i b i t o r ,  a n d  a r e p e a t  t e s t  i n  (11,  u n d e r  t h e  same con-  
d i t i o n s  w i t h  t h e  same c a g e  s p e c i m e n  m a t e r i a l  showed  l e s s  c o k i n g  a n d  w e a r  
t h a n  in ( 5 ) .  
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O p e r a t i o n  o f  t h e  b e a r i n g  t e s t  m a c h i n e  a t  s p e e d s  g r e a t e r  t h a n  
20,000 rpm w i t h  n e w  h i g h - s p e e d  g e a r  b o x e s  h a s  p r e s e n t e d  a n u m b e r  o f  
p r o b l e m s  w h i c h  m u s t  b e  ove rcome  f o r  c o n t i n u o u s  r e l i a b l e  o p e r a t i o n  a t  
t h e s e  s p e e d s .  Many o f  t hese  p r o b l e m s  u n c o v e r e d  on c h e c k - o u t  r u n s  
were o v e r c o m e  b y  m i n o r  m o d i f i c a t i o n s  o f  t h e  n e w  g e a r  box  a n d  d r i v e  
s y s t e m s .  The  o n e  d i f f i c u l t y  of  some i m p o r t a n c e  is t h a t  t h e  g e a r  box 
a n d  d r i v e  o p e r a t e  a b o v e  t h e  t e s t  c r i t i c a l  s h a f t  s p e e d .  Work is i n  
p r o g r e s s  t o  i d e n t i f y  these c r i t i c a l s  a c c u r a t e l y  a n d  t o  s e l e c t  t e s t  
s p e e a s  a n d  s t a r t - u p  a c c e l e r a t i o n s  t h a t  p r e v e n t  o p e r a t i o n , w i t h o u t  i n -  
c u r r i n a  damage  t o  t h e  d r i v e  q u i l l . o r  t h e  g e a r  box .  Check-ou t  t e s t s  
daring w h i c h  v i b r a t i o n  m e a s u r e m e n t s  were t a k e n  i n d i c a t e d  c i r i t i c a l s  
8 t  a p p r o x i m a t e l y  26,000 rprn, 38,000 rpm, a n d  a b o v e  47,000. A r e d e s i g n  
o f  t h e  d r i v e  q u i l l  a n d  m o d i f i c a t i o n s  t o  t h e  g e a r  b o x  s h a f t  h a s  now 
e n a b l e d  s a t i s f a c t o r y  o p e r a t i o n  be tween  c r i t i c a l s  a t  a s p e e d  o f  a p p r o x i m a t e -  
l y  45,000 rpm. I t  is p l a n n e d  t h a t  P h a s e  I1 e n d u r a n c e  t e s t s  w i l l  b e  
c o n d u c t e d  a t  t h i s  s p e e d .  

L u b r i c a t i o n  o f  C a a e  Bore  G u i d e  S u r f a c e s  

T w e n t y - f o u r  c a g e s  m a n u f a c t u r e d  f r o m  S-Monel (Rc 33) o r  NI-1 
(Rc 5 5 )  s t e e l ,  were t e s t e d  i n  t w e n t y  b e a r i n g s  d u r i n g  t h i s  r e p o r t  p e r i o d  
i n  o r d e r  t o  s e l e c t  t h e  m o s t  d e s i r a b l e  c a g e  m a t e r i a l ,  h e a t  t r e a t m e n t  a n d  
d e s i g n  f o r  P h a s e  I1 endurance  t e s t s .  A l l  o f  t h e  c a g e s  t e s t e d  were o f  
w i d e  l a n d  i n n e r  r i n g  r i d i n g  d e s i g n  a n d  m e a s u r e d  b e t w e e n  .0020" t o  ,0031" 
i n  r a d i a l  c a g e  p l a y .  O f  t h e  f o u r t e e n  c a g e s  m a n u f a c t u r e d  f r o m  S-Hone1 
(Rc 3 3 1 ,  t w e l v e  were m a c h i n e d  t o  t h e  d i m e n s i o n s  shown i n  E n c l o s u r e  1 
a n d  t w o  c o n t a i n e d  a b o r e  recess  a s  shown i n  E n c l o s u r e  2. No s i g n i f i c a n t  
d i f f e r e n c e  i n  w e a r  was o b s e r v e d  b e t w e e n  t h e  t w o  c a g e  d e s i g n s  a n d  t h e  
a m o u n t  o f  wear i n  b o t h  was a c c e p t a b l e .  B r o k e n  c a g e  p o c k e t s  were ex- 
p e r i e n c e d  i n  o n e  c a g e  o f  e a c h  d e s i g n  ( r u n  s 4 4 ,  b e a r i n g  s576 and r u n  s47, 
b e a r i n g  *565) p r e s u m a b l y  c a u s e d  by f l a k i n g  o f  t h e  b a l l s  i n  t h e  bearings. 

The  r e m a i n i n g  t e n  c a g e s  w e r e  m a n u f a c t u r e d  f rom M - 1  (Rc 5 5 )  s t e e l  
a n d  c o n t a i n e d  a b o r e  r eces s  a s  shown i n  E n c l o s u r e  3. C o n s i d e r a b l y  m o r e  
w e a r  was e x p e r i e n c e d  w i t h  t h e s e  c a g e s  t h a n  t h o s e  m a n u f a c t u r e d  f r o m  
S-Monel (Rc 33) o r  Y - 1  (Rc 6 5 )  w h i c h  had  b e e n  t e s t e d  e a r l i e r  (1). D i r e c t  
c o m p a r i s o n  o f  c a g e  p e r f o r m a n c e  is d i f f i c u l t , . b e c a u s e  t h e  W - 1  (Rc 5 5 )  
c a g e s  r a n  l o n g e r  t h a n  t h e  S-Pone1 (Rc 33) c a g e s ,  a n d  t h e y  r a n  a t  h i g h e r  
s p e e d s  t h a n  t h e  M - 1  (Rc 6 5 )  c a g e s .  R i n g s  a n d  b a l l s  i n  t h e  b e a r i n g s  
t e s t e d  w i t h  a n y  o f  t h e  c a g e s  d i s c u s s e d  showed  a w i d e  r a n g e  o f  s u r f a c e  
d a m a g e  a f t e r  t e s t ,  w i t h  t h e  m o s t  s e v e r e  c a s e s  f o u n d  w i t h  e a c h  t y p e  o f  
c a g e  b e i n g  c l o s e l y  c o m p a r a b l e .  On t h i s  b a s i s ,  t h e  s e v e r i t y  o f  o p e r a t i n g  
c o n d i t i o n s  f o r  a l l  t h e s e  c a g e  v a r i e t i e s  c o u l d  b e  c o n s i d e r e d  c o m p a r a b l e  
a n d  i t  may b e  c o n c l u d e d  t h a t  w e a r  p e r f o r m a n c e  o f  t h e  H-1  (Rc 5 5 )  c a g e s  
was  i n f e r i o r .  
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From r e s u l t s  o b t a i n e d  t h u s  f a r ,  c a g e s  m a n u f a c t u r e d  f r o m  e i t h e r  
M - 1  (Rc 57-60) s t e e l  o r  S-Monel (Rc 33) w i l l  b e  u t i l i z e d  i n  b e a r i n g s  
f o r  e n d u r a n c e  t e s t s ,  w i t h  p r e f e r e n c e  g i v e n  t o  t h e  S-Monel c a g e s ,  e x c e p t  
w i t h  s p e c i a l  l u b r i c a n t s  t h a t  a r e  shown t o  c o r r o s i v e l y  a t t a c k  S-Monel  
( f o r  e x a m p l e ,  t h e  DuPont  MLO 64-9 f l u i d  d i s c u s s e d  i n  t h e  n e x t  s e c t i o ~ )  

3 .  F l a t  Washer  Caae  M a t e r i a l  

U s i n g  t h e  m o d i f i e d  f l a t  w a s h e r  t e s t e r  a n d  t h e  c a g e  c o n f i g u r a t i a n  
d e s c r i b e d  i n  ( 4 )  t e s t s  h a v e  b e e n  c o n d u c t e d  d u r i n g  t h i s  r e p o r t  p e r i o d  on 
a c o r r o s i o n  r e s i s t a n t  s t a i n l e s s  s t e e l ,  4 4 0  CM o f  two d i f f e r e n t  h a r d n e s s e s ,  
RC 5 2  and..Bc'  57, b o t h  l u b r i c a t e d  w i t h  E s s o  FN-3157 a n d  M o n s a n t o  OS-124 
a t  500'F a n d  7 0 0 ° F ,  r e s p e c t i v e l y .  T e s t s  h a v e  i l s o  b e e n  r u n  a t  700'F 
w i t h  c a g e  s p e c i m e n s  m a n u f a c t u r e d  f r o m  t h e  two l i a t e r i a l s ,  M - 1  (Rc 6 0 )  
s t e e l  a n d  S-Monel (Rc 33) ( p r e v i o u s l y  f o u n d  p a r t i c u l a r l y  w e a r  r e s i s t a n t )  
u s i n g  a h i g h l y  v i s c o u s  l u b r i c a n t ,  DuPont  MLO 64-9 ,  which.  i s  r e p o r t e d  
t o  c o r r o s i v e l y  a t t a c k  m o s t  s t e e l s .  T h e  s e l e c t i o n  o f  t h i s  l u b r i c a n t  
a s  a h i g h - t e m p e r a t u r e  c a n d i d a t e  was made on t h e  b a s i s  o f  p r o m i s i n g  
r e s u l t s  o b t a i n e d  i n  t e s t s  c o n d u c t e d  a t  NASA L e w i s  R e s e a r c h  C e n t e r .  

E v a l u a t i o n  o f  t h e  m a t e r i a l - l u b r i c a n t  c o m b i n a t i o n  i n  t h e s e  t e s t s  
i s  b a s e d  on  m e a s u r e m e n t s  o f  a v e r a g e  wear s c a r  s i n e  p e r f o r m e d  a t - 1 / 2  
h o u r  i n t e r v a l s  d u r i n g  t h e  t e s t .  A d e s c r i p t i o n  o f  t h i s  me thod  i s  g i v e n  
i n  (3). 

T e s t  R e s u l t s  

Wear s c a r  m e d s u r e m e n t s  p r o d u c e d  a f t e r  t h e  i r i t i a l  h a l d  h o u r  
o f  t e s t i n g  a n d  a t  t h e  t e r m i n a t i o n  o f  e a c h  t e s t  a r e  t a b u l a t e d  i n  
E n c l o s u r e  27.  C c r v e s  o f  t h e  w e a r  s c a r  a r e a  g r o w t h  f o r  t h e  4 4 0  CM 
c a g e  s p e c i m e n s  o f  b o t h  h a r d e n e s s e s ,  Rc 52 a n d  Rc 57, l u b r i c a t e d  w i t h  
E s s o  FN-3157 a n d  M o n s s n t o  OS-124 a t  500°F a n d  7 C ) O O F  r e s p e c t i v e l y  a r e  
shown i n  E n c l o s u r e  28  a n d  2 9 ,  t o g e t h e r  w i t h  r e s u l t s  f o u n d  on o t h e r  
m a t e r i a l s  w h i c h  were t e s t e d  e a r l i e r .  The  pexformance o f  t h e  M - 1  s t e e l  
(Rc 6 0 )  a n d  t h e  S-Monel (Rc 33) c a g e  s p e c i s e n s  when l u b r i c a t e d  w i t h  
D u P a n t  MLO 64-9  a t  700'F i s  g i v e n  i n  E n c l r J s u r e  30 a n d  c o m p a r e d  w i t h  
t h e i r  p e r f o r m a n c e  when l u b r i c a t e d  w i t h  Wdnsan to  OS-124 p o l y p h e n y l  
e t h e r  a t  t h e  s a m e  t e m p e r a t u r e  i n  E n c l o s u r e  2 9 .  
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D i s c u s s i o n  o f  Cage M a t e r i a l  Screening Resul ts  

From E n c l o s u r e s  28 and  2 9 ,  i t  a p p e a r s  t h a t  t h e  4 4 0  CY 
(Rc 52)  c a g e  s p e c i m e n  w e a r s  more w h e n  l u b r i c a t e d  w i t h  M o n s a n t o  OS-124 
a t  7OOOF t h a n  w i t h  Esso FN-3157 a t  50C)OF. W i t h  Esso FN-3157 a s  t h e  
l u b r i c a n t ,  t h e  4 4 0  CY (Rc 5 2 )  c a g e  s p e c i m e n ' s  wear s c a r  a r e a  a f t e r  
t h e  f i r s t  h a l f  h o u r  o f  r u n n i n g  and  i t s  w e a r  s c a r  g r o w t h  d u r i n g  s u b -  
s e q u e n t  r u n n i n g  was  l e s s  t h a n  t h a t  p r o d u c e d  w i t h  t h e  4 4 0  CW (Rc 57)  
c a g e  specimens u s i n g  t h e  same l u b r i c a n t ;  w h e r e a s ,  t h e  reverse i s  
t rue  when b o t h  s p e c i m e n s  were l u b r i c a t e d  w i t h  M o n s a n t o  OS-124 a t  
700°F,  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  w e a r  o f  t h e  4 4 0  CM (Rc 57) 
cage '  s p e c i m e n s  was a p p r o x i m a t e l y  t h e  same w h e t h e r  t h e y  were l u b r i c a t e d  
w i t h  Esso FN-3157 a t  500°F o r  Y o n s a n t o  OS-124 a t  700°F.  I n  a n y  e v e n t  
t h e  440 CY m a t e r i a l  h a r d e n e d  t o  e i t h e r  RC 52 o r  Rc 57 d o e s  n o t  wear 
as wel l  a s  116-1 (Re 6 0 )  s tee l  o r  S - l o n e 1  (Rc 33) w h e n  l u b r i c a t e d  w i t h  
e i t h e r  Esso FN-3157 a t  500°F o r  M o n s a n t o  O S = l 2 4  a t  700°F,  T h e r e f o r e ,  
t h e  4 4 0  CY t e s t  b e a r i n g s  f o r  Phase  I1 t e s t i n g  w i l l  be f i t t e d  w i t h  
e i t h e r  M - 1  o r  S-Yonel  c a g e s .  

I t  c a n  be seen f r o m  E n c l o s u r e  30 t h a t  t h e  M - 1  (Rc 60) s t e e l  
i s  much  more w e a r  r e s i s t a n t  t h a n  t h e  S-Yonel  (Rc 33) m a t e r i a l  when 
b o t h  a r e  r u n  i n  DuPont  MLO 64-9 a t  700°F,  E x a m i n a t i o n  o f  t h e  c a g e  
specimens a f t e r  t e s t  i n d i c a t e d  t h a t  t h e  S-Monel (Rc 33) c a g e  s p e c i m e n  
h a d  d a r k  wear s c a r s ;  whereas, t h e  s c a r s  i n  t h e  EA-1 (Rc 6 0 )  c a g e  
s p e c i m e n  were c l e a n  a n d  e x p o s e d  b a r e  m e t a l .  T h e  s u p e r i o r  p e r f o r m a n c e  
of t h e  f i r s t  M - 1  (Rc 6 0 )  s t e e l  s p e c i m e n  w a s  o p e n  t o  q u e s t i o n  s ince 
t h i s  s p e c i m e n  had  a b l a c k  c o a t i n g  o f  l u b r i c a n t  r e s i d u e  a n d / o r  o x i d e  
on a l l  s u r f a c e s  a s  a r e s u l t  of a n  e a r l i e r  t e s t  w i t h  a n o t h e r  l u b r i c a n t ,  
a n d  i t  c o u l d  be a r g u e d  t h a t  t h i s  d i s p o s i t  r e s i s t e d  c o r r o s i v e  a t t a c k  
by the DuPon t  f l u i d .  T h e r e f a r e ,  a s e c o n d  t e s t  was r u n  w i t h  t h e  
MLO 64-9 f l u i d  u s i n g  a c l e a n e d  I-E (Rc 6 0 )  c a g e  s p e c i m e n ,  The w e a r  
s c a r s  o b t a i n e d  i n  t h i s  t e s t  were  of s i m i l a r  s i z e  t o  t h o s e  o f  t h e  
f i r s t  s p e c i m e n  and  represent  a c c o r d i n g l y  t h e  t rue wear r e s i s t a n c e  o f  
t h i s  m a t e r i a l  l u b r i c a n t  c o m b i n a t i o n .  I t  f o l l o w s  t h a t  l-1 i s  a s u i t -  
a b l e  m a t e r i a l  t o  o p e r a t e  w i t h  DuPont MLO 64-9 f l u i d ;  w h e r e a s ,  S-Yonel  
i s  n o t .  The M-1 (Rc 6 0 )  steel-YLO 64-9  f l u i d  c o m b i n a t i o n  p r o d u c e s  
l e s s  c a g e  wear a t  700°F  t h a n  t h e  same s tee l  w i t h  OS-124 p o l y p h e n y l  
e t h e r ,  b u t  - more t h a n  S-Monel (Rc 33) w i t h  OS-124 f l u i d ,  

I 
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ENGINEERING AND RESEARCH CENTER BALL AND ROLLER BEAR/NOS 

S e p t e m b e r  2 ,  1 9 6 4  
N a t i o n a l  A e r o n a u t i c s  a n d  S p a c e  A d m i n i s t r a t i o n  
L e w i s  R e s e a r c h  C e n t e r  
2 1 0 0 0  B r o o k p a r k  Road 
C l e v e l a n d  35, O h i o  

A t t e n t i o n :  Mr. W i l l i a m  J .  A n d e r s o n  

R e f e r e n c e :  R e d i r e c t i o n  o f  C o n t r a c t  No. NASw-492, "A B a s i c  
S t u d y  o f  B e a r i n g - L u b r i c a n t  E n d u r a n c e  C h a r a c t e r -  
i s t i c s  a t  H igh  S p e e d  a n d  T e m p e r a t u r e s "  

G e n t l e m e n :  

As a r e s u l t  o f  o u r  m e e t i n g  i n  C l e v e l a n d  on A u g u s t  1 2  
c o n c e r n i n g  t h e  b e s t  ways t o  c o n d u c t  t h e  r e m a i n i n g  p o r t i o n s  o f  t h e  
s u b j e c t  c o n t r a c t ,  i t  was a g r e e d  t o  r e - d i r e c t  t h e  p r o g r a m  i n  o r d e r  
t o  o b t a i n  t h e  m o s t  u s e f u l  i n f o r m a t i o n  i n  t h e  a r e a  o f  h i g h - t e m p e r a t u r e  
l u b r i c a t i o n  o f  r o l l i n g  b e a r i n g s  b a s e d  on t h e  r e s u l t s  o f  o u r  s t u d i e s  
t o  d a t e .  Our p r o g r e s s  t o w a r d s  t h e  o r i g i n a l  o b j e c t i v e s  and  t h e  e f f o r t s  
t o  w h i c h  w e  a g r e e d  t o  d e v o t e  t h e  r e m a i n d e r  o f  o u r  c u r r e n t  p r o g r a m  a r e  
r e v i e w e d  a s  f o l l o w s :  

As o r i g i n a l l y  c o n c e i v e d ,  a c c o r d i n g  t o  o u r  P r o p o s a l  AL62T007 
d a t e d  A p r i l  10, 1 9 6 2 ,  a n d  o u r  l e t t e r  of  S e p t e m b e r  1 4 ,  1 9 6 2  c o n f i r m i n g  
c e r t a i n  m o d i f i c a t i o n s  t o  t h i s  p r o p o s a l ,  t h e  s u b j e c t  r e s e a r c h  p r o g r a m  
e n c o m p a s s e d  t h e  f o l l o w i n g  i n v e s t i g a t i o n s :  

1 )  P h a s e  I s c r e e n i n g  of  c a n d i d a t e  l u b r i c a n t s  and  b e a r i n g  
m a t e r i a l s  f o r  maximum t e m p e r a t u r e ,  l o a d  a n d  s p e e d  c a p a b i l i t y ,  
o r i g i n a l l y  a n t i c i p a t e d  t o  u t i l i z e  30 t o  60 b e a r i n g s .  

2 )  D e t e r m i n a t i o n  o f  t h e  s t a r t  a n d  s t o p  c a p a b i l i t i e s  o f  h i g h  
t e m p e r a t u r e  l u b r i c a n t s  s e l e c t e d  f r o m  t h e  r e s u l t s  o f  P h a s e  I t e s t i n g ,  
I t  was i n t e n d e d  t h a t  t h e s e  t e s t s  w o u l d  r e c e i v e  o n l y  a m i n o r  e f f o r t  
s u f f i c i e n t  t o  make q u a l i t a t i v e  j u d g m e n t s  r e g a r d i n g  t h e  a b i l i t y  o f  t h e  
s e l e c t e d  f l u i d s  t o  s t a r t  u n d e r  g e n e r a l  a m b i e n t  t e m p e r a t u r e  c o n d i t i o n s ,  
u t i l i z i n g  a v a i l a b l e  t e s t  r i g s  s u c h  a s  t h e  S h e l l  4 - b a l l  w e a r  t e s t e r .  
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3) P h a s e  I1 e n d u r a n c e  t e s t i n g  o f  3 0 - b e a r i n g  g r o u p s  u n d e r  
c o n d i t i o n s  s e l e c t e d  f rom t h e  r e s u l t s  o f  P h a s e  I t e s t i n g  ( a t  t e s t  
s p e e d s  i n  e x c e s s  o f  2 0 , 0 0 0  rpm)  t o  e s t a b l i s h  r e l i a b i l i t y  a n d  
d e s i g n  p a r a m e t e r s  f o r  h i g h - s p e e d  h i g h - t e m p e r a t u r e  b e a r i n g  o p e r a t i o n .  
I t  was i n t e n d e d  t h a t  a t  l e a s t  e l e v e n  g r o u p s  o f  30 b e a r i n g s  e a c h  
w o u l d  b e  t e s t e d < i n  P h a s e  I1 u n d e r  t h e  f o l l o w i n g  c o n d i t i o n s :  

a )  M - 1  b e a r i n g s  a t  h i g h  t e m p e r a t u r e  w i t h  t h e  m o s t  
p r o m i s i n g  p o l y p h e n y l  e t h e r  l u b r i c a n t  f r o m  P h a s e  I .  

b )  M - 1  b e a r i n g s  a t  h i g h  t e m p e r a t u r e  w i t h  t h e  m o s t  
p r o m i s i n g  h i g h l y  r e f i n e d  m i n e r a l  o i l  f r o m  P h a s e  I.  

c )  M - 1  b e a r i n g s  a t  h i g h  t e m p e r a t u r e  w i t h  t h e  m o s t  
p r o m i s i n g  e s t e r - b a s e  o i l  f r o m  P h a s e  I .  

d )  M - 1  b e a r i n g s  a t  a m b i e n t  t e m p e r a t u r e  w i t h  a r e f e r e n c e  
m i n e r a l  o i l .  

e )  W - 1  b e a r i n g s  a t  h i g h  t e m p e r a t u r e  w i t h  e i t h e r  
p o l y p h e g y l  e t h e r ,  h i g h l y  r e f i n e d  m i n e r a l  o i l  o r  
e s t e r - b a s e  o i l  ( w h i c h e v e r  g i v e s  t h e  m o s t  f a v o r a b l e  
o p e r a t i n g  t e m p e r a t u r e  a n d  l i f e  p e r f o r m a n c e )  a t  a 
l o w e r  l o a d  c a l c u l a t e d  t o  g i v e  a b o u t  3 t imes  t h e  l i f e  
a s  a b o v e .  

f) WB49 b e a r i n g s  a t  h i g h  t e m p e r a t u r e  w i t h  e i t h e r  
p o l y p h e n y l  e t h e r ,  h i g h l y  r e f i n e d  m i n e r a l  o i l  o r  
e s t e r - b a s e  l u b r i c a n t  g i v i n g  t h e  m o s t  f a v o r a b l e  
o p e r a t i n g  t e m p e r a t u r e  a n d  l i f e .  

g )  WB49 b e a r i n g s  a t  a m b i e n t  t e m p e r a t u r e  w i t h  a r e f e r e n c e  
m i n e r a l  o i l .  

h )  WB49 b e a r i n g s  a t  h i g h  t e m p e r a t u r e  w i t h  e i t h e r  
p o l y p h e n y l  e t h e r ,  h i g h  r e f i n e d  m i n e r a l  o i l  o r  
e s t e r - b a s e  l u b r i c a n t  g i v i n g  t h e  m o s t  f a v o r a b l e  
o p e r a t i n g  t e m p e r a t u r e  a n d  l i f e ,  b u t  a t  a l o w e r  l o a d  
c a l c u l a t e d  t o  g i v e  a b o u t  3 times t h e  l i f e  a s  a b o v e ,  

i )  WADC 65 o r  e q u i v a l e n t  s t a i n l e s s  s t e e l  b e a r i n g s  a t  h i g h  
t e m p e r a t u r e  w i t h  e i t h e r  p o l y p h e n y l  e t h e r ,  h i g h l y  re -  
f i n e d  m i n e r a l  o i l  o r  e s t e r - b a s e  l u b r i c a n t  g i v i n g  t h e  
m o s t  f a v o r a b l e  o p e r a t i n g  t e m p e r a t u r e  a n d  l i f e .  

-14- 

RESEARCH LA6ORATORY SKIP INDUSTRIES,  INC. 



1 
i AL64T055 

I 
1 

I 
1 

II 
I I  

I 

j )  WADC 65 o r  e q u i v a l e n t  s t a i n l e s s  s t e e l  b e a r i n g s  a t  
a m b i e n t  t e m p e r a t u r e  w i t h  r e f e r e n c e  m i n e r a l  o i l .  

k )  WADC 6 5  o r  e q u i v a l e n t  s t a i n l e s s  s t e e l  b e a r i n g s  a t  
h i g h  t e m p e r a t u r e  w i t h  e i t h e r  p o l y p h e n y l  e t h e r ,  
h i g h l y  r e f i n e d  m i n e r a l  o i l  o r  e s t e r - b a s e  l u b r i c a n t  
g i v i n g  t h e  mos t  f a v o r a b l e  o p e r a t i n g  t e m p e r a t u r e  a n d  
M e ,  b u t  a t  a lower l o a d  c a l c u l a t e d  t o  g i v e  a b o u t  
3 t imes t h e  l i f e  a s  a b o v e .  

To  d a t e ,  we h a v e  t e s t e d  o v e r  100 b e a r i n g s  i n  P h a s e  I s c r e e n -  
i n g  o f  11 c a n d i d a t e  h i g h  t e m p e r a t u r e  l u b r i c a n t s .  T h i s  a d d i t i o n a l  t e s t -  
i n g  o v e r  t h a t  o r i g i n a l l y  a n t i c i p a t e d  h a s  b e e n  r e q u i r e d  f o r  t h e  
f o l l o w i n g  r e a s o n s :  

1 )  A f a i l u r e  mode o f  h i g h  t e m p e r a t u r e  h i g h  s p e e d  b e a r i n g s  h a s  
b e e n  e s t a b l i s h e d  w h i c h  i n d i c a t e s  t h e  i m p o r t a n c e  o f  s u f f i c i e n t  l u b r i c a n t  
v i s c o s i t y  a t  o p e r a t i n g  t e m p e r a t u r e  a n d  h a s  t h u s  made i t  d e s i r a b l e  t o  
o b t a i n  a n d  t e s t  c a n d i d a t e  l u b r i c a n t s  h a v i n g  t h e  h i g h e s t  p o s s i b l e  
v i s c o s i t y  a t  h i g h  t e m p e r a t u r e .  S p e c i a l  l u b r i c a n t s  h a v i n g  h i g h e r  
v i s c o s i t y  t h a n  t h o s e  c o n f o r m i n g  t o  s p e c i f i c a t i o n  Mil-L-9236 a n d  
t h o s e  n o r m a l l y  r e f e r r e d  t o  a s  h i g h l y  r e f i n e d  m i n e r a l  o i l s  o r i g i n a l l y  
i n t e n d e d  f o r  P h a s e  I s o r e e n i n g  h a v e  t h u s  b e e n  t e s t e d .  

2 )  E n g i n e e r i n g  c r i t e r i a  h a v e  b e e n  d e v e l o p e d  f o r  t h e  d e s i g n  o f  
t h e  c a g e s  f o r  h i g h  t e m p e r a t u r e  h i g h  s p e e d  t o o l  s t e e l  b e a r i n g s .  
S e v e r a l  m o d i f i c a t i o n s  of  t h e  c a g e  d e s i g n  h a v e  b e e n  t e s t e d  i n  a d d i t i o n  
t o  t h o s e  o r i g i n a l l y  a n t i c i p a t e d  f o r  P h a s e  I s c r e e n i n g  t e s t s .  

3 )  A n o t h e r  r e s u l t  o f  t h e  f a i l u r e  mode e s t a b l i s h e d  i n  t h e s e  
P h a s e  I s c r e e n i n g  t e s t s  h a v e  b e e n  t h e  i n c r e a s e d  i m p o r t a n c e  o f  s u r f a c e  
f i n i s h  a n d  p r o p e r  b e a r i n g  c l e a r a n c e  i n  t h e  p e r f e r m a n c e  o f  t o o l  s t e e l  
b e a r i n g s  a t  h i g h  s p e e d s  a n d  t e m p e r a t u r e s .  As a r e s u l t ,  a g r e a t e r  
v a r i e t y  o f  b e a r i n g  d e s i g n  m o d i f i c a t i o n s  h a v e  b e e n  t e s t e d  i n  P h a s e  I 
t h a n  o r i g i n a l l y  a n t i c i p a t e d .  

4 )  The  w e a r  r e s i s t a n c e  o f  t h e  c a g e  h a s  e m e r g e d  a s  a c r i t i c a l  
f a c t o r  i n  h i g h  t e m p e r a t u r e  h i g h  s p e e d  t o o l  s t e e l  b e a r i n g  o p e r a t i o n  
a n d  a c o m p r e h e n s i v e  s e r i e s  o f  c a g e  c o m p a t a b i l i t y  t e s t s  h a v e  b e e n  
c o n d u c t e d  a s  a p a r t  o f  t h e  P h a s e  I s c r e e n i n g  p r o g r a m  t o  d e t e r m i n e  
t h e  m o s t  p r o m i s i n g  c a g e  m a t e r i a l  f o r  t h e  l u b r i c a n t s  a n d  t e s t  
c o n d i t i o n s  i n  t h i s  s t u d y .  The c a g e  c o m p a t a b i l i t y  t e s t i n g  p r o g r a m  
w h i c h  was  n o t  o r i g i n a l l y  a n t i c i p a t e d  a s  a p a r t  o f  t h i s  c o n t r a c t  has  
r e s u l t e d  i n  a c l e a r  c h o i c e  o f  c a g e  m a t e r i a l s  f o r  u se  i n  P h a s e  I1 
t e s t  b e a r i n g s .  
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As a r e s u l t  of t h e  a b o v e  e x t e n d e d  P h a s e  I t e s t i n g  c o n d u c t e d  
t o  d a t e ,  l u b r i c a n t s  f o r  P h a s e  I1 t e s t i n g  a n d  P h a s e  I1 t e s t  c o n d i t i o n s  
c a n  now b e  s e l e c t e d  f o r  t h e  r e m a i n d e r  o f  t h e  p r o g r a m .  I t  i s  e s t i m a t e d  
t h a t  i f  a l l  r e m a i n i n g  f u n d s  and  t ime were d e v o t e d  t o  P h a s e  I1 t e s t i n g ,  
a p p r o x i m a t e l y  e i g h t  3 0 - b e a r i n g  g r o u p s  c o u l d  b e  c o m p l e t e d .  A t o t a l  
o f  f o u r  3iSlF I n d u s t r i e s '  h i g h  s p e e d  h i g h  t e m p e r a t u r e  b e a r i n g  t e s t e r s  
a r e  now b e c o m i n g  o p e r a t i o n a l  f o r  t h e  p e r f o r m a n c e  o f  t h i s  P h a s e  I1 
t e s t i n g .  

I t  was a g r e e d ,  h o w e v e r ,  t h a t  s e v e r a l  v e r y  r e c e n t  d e v e l o p m e n t s  
i n  h i g h  t e m p e r a t u r e  l u b r i c a n t s  a n d  h i g h  t e m p e r a t u r e  b e a r i n g  m a t e r i a l s  
make i t  more d e s i r a b l e  t o  c o n t i n u e  P h a s e  I t y p e  t e s t i n g  on o n e  o f  t h e  
m a c h i n e s  i n s t e a d  o f  d e v o t i n g  a l l  f o u r  m a c h i n e s  t o  P h a s e  I1 t e s t i n g  I S  
o r i g i n a l l y  p l a n n e d .  T h e r e f o r e ,  t h e  r e - d i r e c t e d  p r o g r a m  f o r  r e s e a r c h  
t o  b e  c o n d u c t e d  w i t h  t h e  r e m a i n i n g  time a n d  f u n d s  on t h e  s u b j e c t  c o n -  
t r a c t  w i l l  b e  a s  f o l l o w s :  \ 

1)  P h a s e  I s c r e e n i n g  o f  c a n d i d a t e  l u b r i c a n t s  a n d  b e a r i n g  
m a t e r i a l s   ill c o n t i n u e  on one  h i g h  t e m p e r a t u r e  h i g h  s p e e d  b e a r i n g  
t e s t e r  f o r  i n v e s t i g a t i o n  o f  m a t e r i a l s  s u c h  a s :  

a )  D u P o n t ' s  p e r f l u o r i n a t e d  p o l y m e r  MLO-64-9 ( i f  c a g e  
c e m p a t a b i l i t y  t e s t s  show p r o m i s i n g  r e s u l t s  as 
m e n t i o n e d  b e l o w ) .  

b )  M o n s a n t o ' s  i m p r o v e d  MCS525 

c >  S i x - r i n g  p o l y p h e n y l  e t h e r  l u b r b n t  

d )  S i n c l a i r  Turbo-S  e s t e r - b a s e  o i l  

e )  Vacuum m e l t e d  M-50 t o o l  s t e e l  b e a r i n g s  s i n c e  t h e  
maximum o p e r a t i n g  t e m p e r a t u r e  w i t h  t h e  b e s t  t e s t  
l u b r i c a n t s  may n o t  b e  b e y o n d  t h e  t e m p e r a t u r e  
l i m i t a t i o n s  o f  t h i s  s t e e l .  

f )  Vacuum m e l t e d  m o d i f i e d  5 2 1 0 0  s t e e l  b e a r i n g s  w h i c h  
h a v e  a l m o s t  a s  g o o d  h i g h  t e m p e r a t u r e  o p e r a t i n g  
c h a r a c t e r i s t i c s  a s  M-50 t o o l  s t e e l ,  b u t  w i t h  t h e  
p o s s i b i l i t y  o f  e v e n  g r e a t e r  f a t i g u e  l i f e  b a s e d  on 
p r e l i m i n a r y  t e s t  r e s u l t s  i n  t h e  BEIF L a b o r a t o r y .  
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2 )  Cage  c o m p a t a b i l i t y  t e s t i n g  w i l l  c o n t i n u e  w i t h  t h e  
s c r e e n i n g  o f  p o t e n t i a l l y  u s e f u l  m a t e r i a l s  s u c h  a s :  

a )  D u P o n t ' s  p e r f l u o r i n a t e d  p o l y m e r  MLO-64-9 t o  e s t a b l i s h  
t e m p e r a t u r e  l i m i t s  o f  c o r r o s i v i t y  t o w a r d  s t a i n l e s s  
s t e e l  s t r u c t u r a l  m a t e r i a l s  i n  t h e  t e s t e r .  

b )  Molybdenum d i s u l p h i d e  s u s p e n d e d  i n  a h i g h l y  r e f i n e d  
m i n e r a l  o i l  s u c h  a s  ESSO'S FN-3157 t o  e x p l o r e  t h e  
p o s s i b i l i t y  o f  i m p r o v e d  h i g h  t e m p e r a t u r e  l u b r i c a t i n g  
c h a r a c t e r i s t i c s  o f  s u c h  a s u s p e n s i o n .  

3 )  P h a s e  I1 e n d u r a n c e  t e s t i n g  o f  30 b e a r i n g  g r o u p s  w i l l  
commence on t h r e e  s p e e d  h i g h  t e m p e r a t u r e  b e a r i n g  t e s t e r s  u n d e r  t h e  
f o l l o w i n g  c o n d i t i o n s  ( s i n c e  WB49 h a s  h i g h e r  h o t  h a r d n e s s  t h a n  M - 1  
t o o l  s t e e l  a n d  t h e r e  a r e  p r e l i m i n a r y  i n d i c a t i o n s  o f  g r e a t e r  h i g h -  
t e m p e r a t u r e  b e a r i n g  l i f e  w i t h  WB49 b e a r i n g s ,  i t  was a g r e e d  t h a t  t h e  
s e l e c t e d  h t g h  t e m p e r a t u r e  l u b r i c a n t s  o f  t h e  v a r i o u s  t y p e s  w o u l d  a l l  
b e  t e s t e d  w i t h  WB49 b e a r i n g s  i n s t e a d  o f  w i t h  M - 1  b e a r i n g s  a s  o r i g i n a l l y  
p l a n n e d ) .  

a >  WB49 b e a r i n g s  a t  600'F w i t h  S o c o n y  M o b i l  1 0 9 F  h i g h l y  
r e f i n e d  m i n e r a l  o i l .  

b )  WB49 b e a r i n g s  a t  500'F w i t h  E s s o  T u r b o  35 e s t e r - b a s e  
o i l .  

c )  WB49 b e a r i n g s  a t  600'F w i t h  S o c o n y  M o b i l  1 0 9 F  h i g h l y  
r e f i n e d  m i n e r a l  o i l  a t  a h i g h e r  l o a d  t h a n  t h a t  u s e d  i n  
t h e  p r e v i o u s  g r o u p s  (C/P = 7.8)  t o  e s t a b l i s h  t h e  l o a d -  
l i f e  r e l a t i o n s h i p  a t  t h i s  t e m p e r a t u r e .  

d )  M - 1  b e a r i n g s  a t  600'F w i t h  S o c o n y  M o b i l  1 0 9 F  h i g h l y  
r e f i n e d  m i n e r a l  o i l .  

e )  440C ( m o d i f i e d )  b e a r i n g s  a t  600'F w i t h  S o c o n y  M o b i l  
1 0 9 F  h i g h l y  r e f i n e d  m i n e r a l  o i l .  

f )  I f  a v a i l a b l e  m a c h i n e  t ime p e r m i t s ,  a g r o u p  o f  WB49 
b e a r i n g s  w i l l  be  r u n  a t  600'F w i t h  a m o d i f i e d  M o n s a n t o  
OS-124 p o l y p h e n l y  e t h e r  o i l  a c c o r d i n g  t o  a u s e r ' s  
p r o p r i e t a r y  s p e c i f i c a t i o n .  
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A s u f f i c i e n t  number o f  b e a r i n g s  h a v e  b e e n  m a n u f a c t u r e d  
( o r  a r e  i n  t h e  p r o c e s s  o f  m a n u f a c t u r e )  o f  M - 1 ,  WB49 a n d  440C ( m o d i f i e d )  
t o  t e s t  a d d i t i o n a l  g r o u p s  of  s t a t i s t i c a l l y  s i m i l a r  b e a r i n g s  a f t e r  
e x p i r a t i o n  of  t h e  c u r r e n t  c o n t r a c t  ( S e p t e m b e r ,  1 9 6 5 ) .  A p r o p o s a l  f o r  
s u c h  a n  e x t e n s i o n  o f  t h e  s u b j e c t  c o n t r a c t  i n c l u d i n g  a n y  low t e m p e r a t u r e  
s t a r t  a n d  s t o p  t e s t i n g  o f  c a n d i d a t e  o i l s ,  a s  r e q u i r e d ,  w i l l  b e  s u b -  
m i t t e d  in t h e  nex t  few weeks. 

I f  you  h a v e  a n y  q u e s t i o n s  r e g a r d i n g  t h e  r e - d i r e c t i o n  o f  t h e  
p r e s e n t  p r o g r a m ,  p l e a s e  c o n t q c t  us. 

Very t r u l y  y o u r s ,  

El KIIB INDUSTRIES, I N C .  
E n g i A e e r i , q g  & R e s e a r c h  Center 

Me c h a  n i  c a 1 Te s t Se c t i on  
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E N C L O S U R E  7 A L 6 4 T 0 5 5  

U N F A I L E D  WB49 T O O L  STEEL B E A R I N G  A F T E R  R U N N I N G  108 x lo6  R E V O L U T I O N S  
AT 20,000 R P M ,  A MEAN T E M P E R A T U R E  OF 532OF AND UNDER 365 LBS. 

( B E A K I N G  N O .  552 ON D R I V E  E N D  FROM RUN N O .  4 2 )  
T H R U S T  LOAD W I T H  C I R C U L A T I N G  SOCONY 109-F O I L  I N  A N2 B L A N K E T  

C A G E  

I N N E R  RACEWAY OUT3R RACmqAY 
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U N F A I L E D  WB49 TOOL S T E E L  B E A R I N G  A F T E R  R U N N I N G  108 x lo6  R E V O L U T I O N S  
A T  20,000 R P M ,  A MEAN T E M P E R A T U R E  O F  520°F A N D  U N D E R  365 LBS. 

( B E A R I N G  N O .  540  ON LOAD E N D  FROM R U N  N O .  4 2 )  

T H R U S T  LOAD W I T H  C I R C U L A T I N G  S O C O N Y  109=F O I L  I N  A N 2  B L A N K E T  

C A G E  

I N N E R  RACEWAY iliii 'LR RACEWAY 
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A L 6 4 T 0 5 5  

UNFAILED WB49 TOOL STEEL BEARING AFTER R U N N I N G  31.1 x 106 REVOLUTIONS 
AT 20,000 RPM, A MEAN TEMPERATURE OF 504OF A N D  UNDER 365 L B S .  

THRUST LOAD WITH CIRCULATING ESSO TURBO 35 O I L  I N  A N2 BLANKET 

(BEARING N O .  542 ON LOAD END FROM RUM N O .  4 3 )  

ENCLOSURE 9 

CAGE 

. P i u D l ; r l l l  

INNER RACEWAY 

RESEARCH LABORATORY 

OUTER RACEWAY 
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U N F A I L E D  WB49 T O O L  S T E E L  B E A R I N G  A F T E R  R U N N I N G  3 1 . 1  x 106 R E V O L U T I O N S  
A T  20,000 R P M ,  A MEAN T E M P E R A T U R E  OF 476OF A N D  U N D E R  365 L B S .  

T H R U S T  LOAD WITH C I R C U L A T I N G  ESSO T U R B O  35 O I L  I N  A N2 B L A N K E T  

( B E A R I N G  N O .  582 ON D R I V E  E N D  FROM RUN N O .  4 3 )  

C A G E  

I N N E R  K A C E H A Y  OUTER RACEWAY 
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FAILED WB49 TOOL STEEL BEARING AFTER R U N N I N G  18.0 x lo6 REVOLUTIONS 
AT 40,000 RPM, A MEAN TEMPERATURE OF 6 0 4 O F  A N D  UNDER 365 L B S ,  
THRUST LOAD WITH CIRCULATING KENDEX 0846 O I L  IN A K2 BLANKET 

(BEARING N O ,  576 ON LOAD END FROM R U N  N O .  4 4 )  

CAGE 

. --- 

INNER RACEWAY OUTER RACEWAY 
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E N C L O S U R E  12 A L 6 4 T 0 5 5  

F A I L E D  WB49 T O O L  S T E E L  B E A R I N G  A F T E R  I l U N N I N G  18.0 x lo6  R E V O L U T I O N S  

T H R U S T  L 9 A D  W I T H  C I R C U L A T I N G  K E N D E X  0846 O I L  I N  A N 2  B L A N K E T  
A T  40,000 RPM, A MEAN T E X P E R A T U R E  OF 574°F A N D  UNOER 365 L E S ,  

(BEARING NO. 581 ON DRIVE E N D  FROFI H U N  NO, 4 4 )  

C A G E  

I N N E R  RACEWAY OUTER RACEWAY 
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U N F A I L E D  WB49 T O O L  S T E E L  B E A R I N G  A F T E R  R U N N I N G  108 x lo6 R E V O L U T I O N S  
A T  20,000 R P M ,  A MEAN T E M P E R A T U R E  O F  594OF A N D  U N D E R  365 LES. 
T H R U S T  LOAD WITH C I N C U L A T I N G  KENDEX 0846 O I L  I N  A N 2  B L A N K E T  

~~~ ~~~ ~~ 

( B E A R I N G  N O .  571 O N  D R I V E  E N D  F R U M  R U N  N O .  4 5 )  

C A G E  

-,- .- 

I N N E R  RACEWAY OUTER R A C E t i A Y  
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PAILFD WB49 TOOL STEEL BEARING AFTER RUNNING 108 x lo6 REVOLUTIONS A T  
20,000 RTM, A FEAN TEMD9RATUXE O F  603OF AND UNDER 365 LBS. 

THF(UST LOAD WITH C I R C U L A T I N G  KFNDEX 0846 O I L  I N  A N2 BLANKET 
~~ ~~~~ 

( B E A R I N G  NO. 568 ON LOAD S N D  FROM RUN NO. 45) 

CAGE RA LL 

INNPR !?ACEWAY OUTRR RACEWAY 
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U N F A I L E D  WB49 T O O L  S T E E L  B E A R I N G  A F T E R  R U N N I N G  52.3 x lo6 R E V O L U T I O N S  
A T  35,000 R P Y I  A MEAN T E M P E R A T U R E  OF 590°F A N D  UNDER 365 L B S .  
THRUST LOAD W I T H  C I R C U L A T I N G  S O C O N Y  109-F O I L  I N  A N2 B L A N K E T  

( B E A R I N G  N O .  573 ON D R I V E  E N D  FROM R U N  N O ,  46) 

C A G E 0 1  C A G E  

I N N E R  RACEWAY O U T E R  RACEWAY 
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ENCLOSURE 16 AL64T055 

F A I L E D  WB49 T O O L  S T E E L  B E A R I N G  A F T E R  R U N N I N G  52 .3  X IO6 R E V O L U T I O N S  AT 
35 ,000  RPIII, A MEAN T E M P E R A T U R E  OF 6 0 9 O F  A N D  UNDEH 365 L B S ,  

T H R U S T  LOAD W I T H  C I E C U L A T I N G  S O C O N Y  109-F O I L  I N  A N2 B L A N K E T  

( B E A R I N G  N O .  572 ON LOAD E N D  FROM R U N  N O .  46 )  

C A G E  

I N N E R  RACEWAY 

RESEARCH LABORATORY SKF 
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B A L L  

OUTER RACEWAY 
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ENCLOSURE! 17 AL64T 55 - 
FAILED FIE349 TOOL STSEL BEARING AFTER RUNNING 5 le X 0 6  BFVOLUTIONS AT 

35,000 RFN, A M3AN TENPERATURE O F  640°F AND UND4rR 365 LBS. 
THRUST LOAD WITH CIRCULATING PWA 524 OIL IN A NP BLANKBT 

(BSARING NO. 565 ON LOAD END FROM RUN NO. 47) 

CAGE B A L L  

INNER RACEWAY OUTBR RACEWAY 

R E S E A R C H  LABORATORY SKP INDUSTRIES,  INC. 



E N C L O S U R E  9 AL64T055 

U N F A I L E D  WB49 T O O L  S T E E L  B E A R I N G  A F T E R  R U N N I N G  5 x lo6 R E V O L U T I O N S  

T H R U S T  L O A D  W I T H  C I R C U L A T I N G  PWA524 O I L  I N  A N 2  B L A N K E T  
A T  35,000 R P M ,  A MEAN T E M P E R A T U R E  OF 610°F A N D  UNDER 365 L B S ,  

( B E A R I N G  N O .  574 ON DRIVE E N D  FROM R U N  N O .  47 )  

C A G E  

I N N E R  RACEWAY OUTER RACEWAY 

RESEARCH LABORATORY SKP INDUSTRIES,  INC.  



E N C L O S U R E  19 A L 6 4 T 0 5 5  

F A I L E D  WB49 T O O L  S T E E L  B E A R I N G  A F T E R  R U N N I N G  3 .5  x 106 R E V O L U T I O N S  
A T  40,000 R P M ,  A MEAN T E M P E R A T U R E  OF S l O O F  A N D  U N D E R  365 L B S .  

T H R U S T  LOAD WITH C I R C U L A T I N G  PWA 524 O I L  I N  A N g  BLANKET 

( B E A R I N G  N O .  543 ON D R I V E  E N D  FROM R U N  N O .  48)  

C A G E  

I N N E R  RACEWAY OUTER RACEWAY 

RESEARCH LABORATORY SKP INDUSTRIES,  I N C .  



E N C L O S U R E  20 A L 6 4 T 0 5 5  

F A I L E D  WB49 T O O L  STEEL B E A R I N G  A F T E R  R U N N I N G  3 . 5  IC lo6 R E V O L U T I O N S  
A T  4 0 , 0 0 O R P M ,  A MEAN T E M P E R A T U R E  OF 535OF A N D  UNDER 365 L B S .  

T H R U S T  LOAD WITH C I R C U L A T I N G  PWA 524 O I L  I N  A N 2  B L A N K E T  

( B E A R I N G  N O .  541 ON LOAD E N D  FROM R U N  N O .  4 8 )  

C A G E  

, 

O U T E R  RACEWAY I N N E R  RACEWAY 

R E S E A R C H  LABORATORY S W P  I N D U S T R I E S ,  INC. 
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E N C L O S U R E  21 A L 6 4 T 0 5 5  

U N F A I L E D  A B 4 9  T O O L  S T E E L  B E A R I N G  A F T E R  R U N N I N G  21 .6  x 106 R E V O L U T I O N S  
A T  40,000 R P M ,  A MEAN T E M P E R A T U R E  O F  642OF A N D  U N D E R  365 LBS,  
T H R U S T  LOAD W I T H  C I R C U L A T I N G  S O C O N Y  109-F O I L  I N  A N 2  BLANKET 

( B E A R I N G  N O .  545 ON LOAD E N D  FROM R U N  N O ,  49 )  

C A G E - 1  C A G E  

I N N E R  RACEWAY OUTER RACEWAY 

RESEARCH LABORATORY snip I N D U S T R I E S ,  I N C .  
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E N C L O S U R E  22 A L64T055 

U N F A I L E D  WB49 T O O L  STEEL B E A R I N G  A F T E R  R U N N I N G  21 .6  x 106 R E V O L U T I O N S  
AT 40,000 BPY, A MEAN T E M P E R A T U R E  O F  614OF A N D  U N D E R  365 LBS, 

( B E A R I N G  NO.  556 ON D R I V E  E N D  FROM RUN NO. 4 9 )  
T H R U S T  L O A D  W I T H  C I R C U L A T I N G  S O C O N Y  109-F O I L  I N  A N p  B L A N K E T  

C A G E - 1  CAGE 

I N N E R  RACEWAY O U T E R  RACEWAY 

R E S E A R C H  LABORATORY SKF I N D U S T R I E S ,  INC. 
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ENCLOSURE 23 A L64T05 5 

FAILED WB49 TOOL STEZL BEARING AFTFR RUNNING 10.9 REVOLUTIONS A T  

THRUST LOAD WITH CIRCULATING KFNDEX 0846 O I L  I N  A N2 BLANKET 
4O,OOO RPM, A MEAN TE!MPERATURE O F  SSO°F AND UNDFR 365 LBS. 

(BEARING NO. 561 ON D R I V E  END FROM RUN NO. 5 0 )  

CAGE BALL 

INNER RACEWAY OUTZR RACEWAY 

RESEARCH LABORATORY SKP INDUSTRIES,  INC.  
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ENCLOSURE 24 A L 6  4T055 

U N F A I L E D  WB49 T O O L  S T E E L  B E A R I N G  A F T E R  R U N N I N G  10.9 x lo6 R E V O L U T I O N S  
A T  40,000 R P M ,  A MEAN T E M P E R A T U R E  OF 606°F AMD U N D E R  365 L B S ,  
T H R U S T  LOAD W I T H  C I R C U L A T I N G  KENDEX 0846 O I L  IN A N g  B L A N K E T  

~ 

(BEARING N O .  558 ON LOAD E N D  FROM R U N  N O ,  50) 

I N N E R  R A C E W A Y  

RESEARCH LABORATO RY 

CAGE 

. . -  . . .  - .  

. . ".7. - .- -. 1. 

SICP 

O U T E R  RACEWAY 

I N D U S T R I E S ,  I N C .  
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ENCLOSURE 25 AL64T05S 

FAILED W4.9 TOOL STEEL BEARING AFTER RDNPJIHG 40.8 x l o 6  REVOLUTIONS A T  
4O,OOO RPM, A MEAN TENPERATITRE O F  565°F AND UNDER 365 LE3S, 

THRUST LOAD WITH CIRCULATING ESSO TURBO 35 OIL I N  A N 2  BLANKET 

CAGE BALL 

INNPR RACEWAY OUTER RACFJAY 

RESEARCH LABORATORY SXP INDUSTRIES, INC, 



E N C L O S U R E  26 AL64T055 

U N F A I L E D  WB49 T O O L  STEEL B E A R I N G  A F T E R  R U N N I N G  40.8 x lo6 R E V O L U T I O N S  
AT 40,000 RPM, A MEAN T E M P E R A T U R E  OF 465OF A N D  UNDER 365 LBS. 

T H R U S T  LOAD W I T H  C I R C U L A T I N G  E S S B  TURBO 35 O I L  I N  A N2 B L A N K E T  
( B E A R I N G  N O .  554 ON D R I V E  END FROX RUN N O .  51 )  

C A G E  

O U T E R  RACEWAY INNER RACEWAY 

RESEARCH LABORATORY sxp I N D U S T R I E S ,  I N C .  
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ENCLOSURE 27 
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RESEARCH LABORATORY 6Ep INDUSTRIES,  INC.  



ENCLOSURE 28 A L 6 4 1 0 5 5  

CAGE COMPATABILITY TEST RESULTS WITH ESSO FN-3157 O I L  
AT 500OF. 1.000 LBS,  LOAD AND 1,200 BPM 

(AVERAGE WEAR SCAR AREA VS. HOUR BUN) 

18.01 

16.0 

0.5 1 .O 1,s 

T I Y E  FROM START OF RUN, HOURS 

RESEARCH LASORATORY SKP I N D U S T R I E S ,  INC.  



EN&OSURE 29 A L 6 4 T 0 5 5  

CAGE COidPATABILITY TEST RESULTS WITH MONSANTO OS-124 O I L  
AT 700'F. 1.000 LBS. LOAD A N D  1 .200  BPY 

( A V E R A G E  NEAR SCAR AREA VS. HOURS R U N )  

I 

0 . 5  1 . o  1 .5  

TIME FROM START OF TEST, H O U R S  

RESEARCH LABORATORY EKF INDUSTRIES,  I N C .  
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E N C L O S U R E  30 A L64T055 

CAGE C O F A P A T A B I L I T Y  TEST RESULTS WITH Y l O - 6 4 - 9  OIL 
AT 700OF. 1.000 L B S .  LOAD A N D  1 .200  RPM. 

( A V E R A G E  WEAR SCAR AREA VS. H O U R S  RUN) 

14,C 

12,c 

io,a 

8.0 

6 .0  

4.0 

2 .o 

0.0 
0.5 1 .o 1.5 

m e  FROM START OF TEST, HOURS 

RESEARCH LABORATORY SKIP I N D U S T R I E S ,  I N C .  
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